A new diffracted-beam monochromator has been developed for Bragg-Brentano X-ray diffractometers equipped with a linear detector. The monochromator consists of a cone-shaped graphite highly oriented pyrolytic graphite crystal oriented out of the equatorial plane such that the parafocusing geometry is preserved over the whole opening angle of the linear detector. In our standard setup a maximum wavelength discrimination of 3% is achieved with an overall efficiency of 20% and a small decrease in angular resolution of only 0.02
I. INTRODUCTION
The quality of powder diffraction experiments is enhanced by increasing the monochromaticity of the detected radiation, i.e., by avoiding the detection of the background caused by fluorescent radiation of the specimen, and the continuous spectrum and K β -radiation of a conventional X-ray source. Removing unwanted background can be achieved in several ways either by energy discrimination at the detector or by using a monochromator in the diffracted beam. 1 In principle, energy discrimination by the detector is the ideal method to remove unwanted background provided that the energy resolution is sufficient. Current energy resolving semi-conductor X-ray detectors reach an energy resolution E/E of about 3% to 5%, which is sufficient for most purposes. The energy resolution to eliminate K β lines of conventional X-ray tubes is between 5% and 6%, smaller resolutions could be needed to reduce the effect of fluorescence as, for example, in the steel investigated in this paper.
In this paper a diffracted beam monochromator is described that can be used in combination with non-energy discriminating linear detectors and can achieve energy resolutions as low as 1.5%.
Most commonly used powder diffractometers employ the Bragg-Brentano parafocusing geometry to increase the count rate and the angular resolution 2, 3 of the diffraction peaks. For point detectors (0D) (in contrast to the position sensitive (1D) detectors discussed in this paper) the monochromator, either of flat or curved type, is simply placed between receiving slit and detector. 4 It then diffracts in the equatorial plane. By replacing a point detector by a (linear) position sensitive detector, covering a large angular range (typically 5-10
• 2θ ), the measuring time can be decreased by a factor of 50 to 100.
5 This is, in particular, useful for time-resolved experiments or high-throughput data analysis. The highest time resolution is obtained in stationary mode.
For linear detectors with a large opening angle the shape of a diffracted-beam monochromator is complex and no such device is readily available. The main difficulty is to design the curvature such that the parafocusing geometry is preserved over the whole opening angle of the detector. Bragg-Brentano powder diffractometers using flat (graphite) monochromators in the diffracted beam are described in Refs. 6 and 7. Although the amount of fluorescent radiation that can reach the detector is reduced, the usable angular range of the detector is limited to about 5
• 2θ . In an alternative setup, a single-curved (Johansson-geometry) diffracted-beam monochromator 8 was used. A sufficiently large mosaicity that is homogenously distributed over the monochromator crystal is required to obtain a suitable (and homogeneous) diffracted intensity from the parafocusing geometry. In Ref. 8 the uneven distribution of the mosaicity of the LiF crystal led to inhomogeneity in the intensity of 30%.
In this paper a diffracted-beam graphite monochromator for a linear detector is developed that preserves the BraggBrentano focusing geometry. The surface is cone-shaped. Introducing the proposed monochromator in our standard setup (see Sec. III) allows a maximum wavelength discrimination of 3%, with an overall efficiency of 20% and a decrease in angular resolution of only 0.02
• 2θ . The monochromator shows a uniform intensity response (within 3%) over the whole detector length of 50 mm.
II. DIFFRACTION GEOMETRY AND SHAPE OF THE MONOCHROMATOR
Figure 1(a) shows a schematic drawing of the diffractometer with Bragg-Brentano geometry, the monochromator (diffracting in the axial plan), and a 1D detector. Apart from the divergence and receiving slit systems, the diffracted beam path contains an axial Soller slit and an axial height slit. The Soller slit improves the angular resolution because it limits the axial divergence of the beam to 1
• and as will be shown later in combination with the monochromator it also enhances the energy resolution. The axial height slit limits the size of the beam in axial direction.
In this setup a diffracted-beam monochromator can, in principle, be oriented either diffracting in the equatorial plane or diffracting in the axial plane.
In order to diffract the characteristic wavelength λ Kα , the monochromator crystal must be placed at the corresponding Bragg angle, θ mono , in both cases. By placing the monochromator to diffract in the equatorial plane, a complex (parabola-like) shape is necessary to diffract all rays coming from the center of the specimen and focus them on the detector. Off-center rays will not be focused correctly and reduce the angular resolution and, moreover, also off-center rays with wavelengths different from λ Kα can diffract and reach the detector. This limits the wavelength discrimination. The combination of a complex shape, large dimension, and limited wavelength discrimination makes this geometry less attractive to apply.
By placing the monochromator to diffract in the axial plane (Fig. 1) , both focusing and wavelength discrimination can be achieved as will be discussed next.
In order to maintain the focusing geometry and to enable diffraction of all diffracted beams coming from the center of the specimen and lying within the opening angle (γ ) of the detector a curved surface is required. As follows from Fig. 1(a) (inset), the maximum deviation from 90
• incident angle (at E) on the crystal equals half the opening angle γ of the detector. This implies that only a very small central area of a perfectly flat monochromator crystal is in diffraction condition. This can, in principle, be solved partly by using a flat crystal with large mosaic spread of which the acceptance angle must be typically several degrees. 6 Such a spread, however, reduces the intensity and angular resolution of the measurement. An ideal monochromator would have a curvature. In the equatorial plane, the crystal should have a curvature with a radius (CD) equal to the distance between the axis through C of the diffractometer and the position on the monochromator crystal (as shown in Fig. 1(a) ). This implies that the surface of the crystal must have a variable curvature over its length (AB). The length AB follows from the diffraction angle of the crystal and the effective height of the detector window (see axial plane view Fig. 1(b) ). The length of the detector window determines the width of the monochromator.
As the surface of the crystal covers a range of diffractometer radii, it is part of a cone, sharing its imaginary central axis with the diffractometer axis at the center of the specimen.
From the cross section of the cone in Fig. 1(b) , it follows that the shape of the monochromator is determined by the radius of curvature r at position p on the monochromator surface by
where β is half of the top angle of the cone, given by β = 90
• − θ mono . The above shape is an approximation because of the finite size of the diffracted beam and the presence of divergence. This implies that some focusing error will occur and that the crystal must possess some mosaic spread to accept the beam divergence, i.e., the optimal mosaic spread of the monochromator crystal is to be about the divergence of the beam (typically 1
• ). The simplification of the shape does not affect the overall wavelength discrimination, which is determined by the divergence in the axial plane (as will be discussed next) and not by the divergence in the equatorial plane.
Wavelength discrimination can be achieved as follows: The axial view of Fig. 2 illustrates that the Soller slit system positioned before the monochromator (i) limits the axial divergence and (ii) determines the acceptance angle of all the radiation (including fluorescence) coming from the sample.
The axial divergence is determined by the total acceptance angle (α s ) of the Soller slit, defined as
where L is the length of the Soller slit and w is the spacing between the individual foils. The wavelength (λ) or energy (E) resolution at a reflection angle is, in general, related to the acceptance angle θ in radians of the object in the diffracted beam and Bragg's law by
For a Soller slit, with acceptance angle α s given in radians, placed between the specimen and the monochromator crystal, it thus holds for the wavelength (energy) resolution that
It is easily seen that the intensity distribution of the beam transmitted by the Soller slit has, approximately, the shape of a triangle with an opening angle α s . The effect of the Soller slit on the wavelength discrimination will be illustrated and quantified in more detail in Sec. IV. At the monochromator crystal each wavelength λ i in the beam diffracts according to its corresponding Bragg angle θ i,mono . Thus, the range of the possible diffraction angles is determined by the mosaic spread of the monochromator crystal as
with ω being the mosaic spread of the crystal in radians; see for definition and discussions on mosaicity Ref. 10 . Consequently, besides radiation of wavelength λ Kα , a part of the radiation of other wavelengths can reach the monochromator and diffract (and be detected).
III. EXPERIMENTAL
The monochromator is designed for Co K α radiation and used in a Bruker-AXS D8 Advance diffractometer. The instrument is equipped with a Co long fine focus 0.4 mm × 12 mm, X-ray source with 6
• take-off angle. The detector is a Vantec-1 with an active area of 50 mm × 16 mm (length x height) and an energy resolution <25% (according to Bruker Spec Sheet XRD17). With the radius of the diffractometer set at 550 mm the detector covers an angular range of 10
• 2θ . For all measurements the same slit systems are used, i.e., in the incoming beam a divergence slit system is used so that the divergence is 1
• and in the diffracted beam a scatter slit and a receiving slit are placed. The receiving slits are taken such that the full length (50 mm) of the detector is used. The Soller slit and the axial height slit, placed directly before the detector, are varied for specific experiments as is indicated in the text. In the standard setup a Soller slit with acceptance angle α s = 2.6
• and an axial height slit of 8 mm is used. The general principles are applicable to other instruments and wavelengths.
A. Construction of the monochromator
A Highly Oriented Pyrolytic Graphite (HOPG) sheet has been chosen as the monochromator material. This material shows high reflectivity and can be easily shaped. [10] [11] [12] The graphite crystal sheet was obtained from Optigraph GmbH, Berlin, Germany, with the following specifications: AGraphZ quality with a mosaic spread of 0.4
• , plane of diffraction {002} with inter-planar spacing of 0.33354 nm, and thickness of 300 μm.
The shape of the monochromator is determined by the substrate. To enable shaping and mounting the crystal as smooth as possible without glue, an optically flat quartz substrate is used. The substrate has been cut computer-controlled in the shape of a cone according to Eq. (1) with a tolerance on the radius of ±0.1 mm, a shape accuracy of 10 μm, and a surface roughness of 50 nm. The overall surface roughness and shape of the substrate were according to the specifications as confirmed by light interferometry. The mosaic spread of the mounted HOPG surface was investigated by rocking curve measurements of the {002} reflection in two perpendicular directions (parallel and normal to AB). The FWHM in the central region of the monochromator is about 0.55
• and increases somewhat near the edges.
For CoK α radiation, the corresponding Bragg angle of the monochromator crystal is θ mono = 15.55
• . By using a HOPG sheet thickness of 300 μm it is effectively infinitely thick for CoK α radiation.
B. Performance of the monochromator
The performance of the monochromator is evaluated by comparing all measurement with the monochromator in place (without K β -filter) with a reference measurement with only a K β -filter in the diffracted beam. All the measurements are performed with an incident beam divergence of 1
• and the full opening of the Vantec detector. Unless indicated otherwise, the diffracted beam path contains an assembly with several slits: receiving scatter, axial Soller (α s = 2.6
• ), receiving, and axial height slit (8 mm).
The intensity response (homogeneity check) of the monochromator-detector assembly is investigated by measuring the scattered intensity from a Perspex plate in stationary mode. This specimen produces a relatively high and uniform CoK α background in the measured 2θ -range (around 113
• 2θ ). The uniformity is within 3%.
The efficiency, i.e., overall intensity loss, is estimated from the net area intensity ratio of the {311} reflection of an Al 2 O 3 (corundum) bulk powder sample in scanning mode. monochromator and without monochromator but with K β -filter. From the net area intensity ratio it follows that the intensity reduction by the monochromator is a factor of 4.7. Next, the effect of the monochromator on the wavelength discrimination, i.e., on the suppression of the background and the reduction of the contribution of the K β radiation to the measurements, is demonstrated. In Fig. 4 the diffraction pattern of a TRIP steel specimen (composition see Table I ) in scanning mode is shown. In addition to the Fe fluorescence, the fluorescence of Mn, in this sample, gives rise to a high overall background level. The ratio of the net area of the (weak) austenite {200} reflection at around 60
• 2θ and its background is 0.067 for the measurement with monochromator and 0.027 for the reference measurement with K β -filter (no monochromator).
The contribution of the K β radiation to the diffraction pattern has been investigated using a LaB 6 SRM660a 13, 14 powder specimen (Fig. 5) . The inset shows detail of the measurement of the LaB 6 powder in scanning mode. From the strong LaB 6 {110} reflection, the net area ratio of the CoK β and CoK α component is 0.2% for the measurement with monochromator and about 2% for the reference measurement with K β -filter.
The data from the measurement on LaB 6 (see Fig. 5 ) is also used to evaluate the resolution in 2θ . The FWHM (width at half maximum intensity) values for the CoK α1 component of all the reflections are given in Fig. 6 . The measurements with monochromator show a small and al- 
IV. DISCUSSION
The homogeneity of the monochromator-detector response is comparable with the one without monochromator indicating that the mosaicity over the monochromator is sufficiently uniform. The experiments show that the intensity loss caused by the monochromator is about a factor of 5. This intensity loss is somewhat larger than that expected for a graphite monochromator but may be explained by the somewhat higher effective mosaic spread of the mounted monochromator (0.55
• ) compared to the specifications of the HOPG (0.4
• ). A larger effective mosaic spread reduces the reflectivity.
14 Further optimization of the setup is obtained by using a larger (than 8 mm) axial height slit. The effect of the size of the axial height slit has been evaluated using the LaB 6 {311}. From Fig. 7 it is clear that higher intensities are observed with only a slight loss in resolution when increasing the slit width. The performance is optimal with an axial height slit of about 12 mm. A significant net intensity increase of about a factor of 1.5 is achieved with only a small reduction in the resolution (0.01
• 2θ ) with respect to the 8 mm axial height slit.
The effect of the monochromator on the reduction of the background is obvious for both TRIP steel and LaB 6 although the cause of the background is quite different. In the case of LaB 6 , the background is mainly caused by air scatter of the primary beam and not by fluorescence of the material. The net peak to background ratio near the {110} reflection (see Fig. 5 ) is improved by a factor of 5 with respect to the reference measurement with only K β filter. Due to the axial orientation of the monochromator, direct entrance of this air scatter in the detector window is prevented. This setup results in a considerably smaller overall background level in respect to the reference also for negligibly fluorescent material.
For the TRIP steel the background is mainly from fluorescence of Fe and Mn, using the monochromator reduces it significantly. The net peak intensity to background ratio increases about a factor of 2.5 but part of the fluorescence is still detected. As mentioned earlier in Sec. II, the wavelength discrimination is affected by the acceptance angle of the Soller slit. Using the value of α S = 2.6
• and λ(CoK α ) = 0.179 nm, Eq. (4) gives for the wavelength resolution λ = 0.030 nm, i.e., ±0.015 nm around CoK α . The corresponding energy resolution is about 560 eV FWHM or 8%. In the case of the TRIP steel the main contributions to the background come from K β -radiation from Co, Fe, and Mn, and K α -radiation from Fe and Mn. Both MnK α (λ = 0.210 nm) and CoK β (λ = 0.162 nm) are outside the wavelength acceptance range, but FeK β (λ = 0.176 nm), MnK β (λ = 0.191 nm), and FeK α (λ = 0.194 nm) are within (see Fig. 8(b) ) and thus contribute to the residual background in Fig. 4 .
The effect of the Soller slit acceptance angle on the background intensity is illustrated in Fig. 8(a) for measurements of the TRIP steel sample performed with Soller slits with acceptance angles of 4
• , 2.6
• , and 1.5
• , respectively. Clearly, a smaller acceptance angle of the Soller slit leads to a large improvement of the net peak intensity to background ratio, for the ferrite {110} reflection this was from 0.22 (no Soller slit) to 0.87 (α S = 2.6
• Soller slit) and 2.2 (α S = 1.5
• Soller slit). This latter case corresponds to an energy resolution of about 325 eV FWHM (4.5%). In Fig. 8(b) the diffracted and fluorescent radiation and the transmitted intensity profiles for Soller slits are schematically given for two acceptance angles of the Soller slit. With the last optimization step using the smallest Soller slit also the contribution of the CoK β is removed (see inset Fig. 5 ). The better energy resolution by using smaller Soller slits reduces the overall efficiency of the setup, for an acceptance angle of 1.5
• the intensity is reduced with a factor of 9. This loss can be reduced by a factor of 2 by increasing the axial height slit at the cost of some resolution (see Fig. 7 ). Thus, an efficiency of about 20% is achieved with a small additional loss of resolution of 0.01
• 2θ with respect to the standard setup.
Even for the standard setup with α S = 2.6 • the energy resolution is better than the newest currently available position sensitive detector (of length 14 mm) based on silicon strip detector technology that has an energy resolution of 600 eV. 15 By using a Soller slit with a smaller acceptance angle, the wavelength discrimination can be improved. Ideally, the acceptance angle of the Soller slit should be the same as the effective mosaic spread of the monochromator crystal, i.e., in this case α S = 0.55
• (cf. Eqs. (3)- (5)). This will improve the wavelength discrimination resulting in a maximal energy resolution of 120 eV FWHM or about 1.5%.
V. CONCLUSIONS
The cone-shaped diffracted-beam monochromator developed for a linear detector maintains the Bragg-Brentano parafocusing geometry over the total length of the detector. The monochromator achieves excellent wavelength discrimination without important losses in efficiency and resolution. The diffractometer equipped with the monochromator yields diffraction patterns with optimal peak to background ratio even for strongly fluorescent material and a negligible K β contribution. The wavelength and energy discrimination of the monochromator-Soller slit assembly can be optimized up to 1.5%, which is better than the best solid-state detectors (0D) currently available.
